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Abstract
The magnetization reversal in 330nm triangular pris-
matic magnetic nanoelements with variable magne-
tocrystalline anisotropy similar to that of partially
chemically ordered FePt is studied using micromag-
netic simulations employing Finite Element discretiza-
tions. Several magnetic properties including the eval-
uation of the magnetic skyrmion number S are com-
puted in order to characterize magnetic configurations
exhibiting vortex-like formations. Magnetic vortices
and skyrmions are revealed in different systems gen-
erated by the variation of the magnitude and relative
orientation of the magnetocrystalline anisotropy direc-
tion, with respect to the normal to the triangular prism
base. Micromagnetic configurations with skyrmion
number greater than one have been detected for the
case where magnetocrystalline anisotropy was normal
to nanoelement’s base. For particular magnetocrys-
talline anisotropy values three distinct skyrmions are
formed and persist for a range of external fields. The
simulation-based calculations of the skyrmion number
S revealed that skyrmions can be created for magnetic
nanoparticle systems lacking of chiral interactions such
as Dzyaloshinsky-Moriya, but by only varying the mag-
netocrystalline anisotropy.
1 Introduction
Magnetic nanoparticles and nanostructures find nu-
merous applications in a wide variety of scientific
fields including information signal processes, spin de-
vices, high density storage media, magnetic sensors,
medicine and biology [41, 20, 35, 2, 14]. Nowadays
progress in nanoscale material growth have allowed
the synthesis and fabrication of nanoparticles in a
wide range of shapes and sizes [37, 44, 16]. Their
magnetic response is of paramount importance and
could be associated with geometrical and materials fac-
tors; thus, a lot of effort has been devoted to exper-
imental, simulation and theoretical studies. In par-
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ticular, the process of magnetization reversal in mag-
netic nanoparticles could be exploited, engineered for
technological applications but necessitates the knowl-
edge and control over the formation of rather complex
micromagnetic structures, such as multiple domain
walls, vortices, skyrmions-antiskyrmions and merons
[38, 48, 42, 46, 45, 43, 28, 15].
Magnetic skyrmions are vortex-like magnetization
configurations. They have been predicted theoretically
by Bogdanov et al. [3],[4] long before their experimen-
tal detection and discovery [26, 24]. In recent years
magnetic skyrmions have attracted a lot of theoretical
[13, 22, 23, 39, 5, 21], simulation [9, 18, 40, 32], and
experimental [13, 34, 17, 11, 27] attention due to their
thermodynamic and topological stability, their small
size, and their inherent property of easy movement
and repositioning under the application of low or even
tiny in-plane electric currents. They seem promising
for use in next generation spintronic devices [33, 50]
as information carriers, giving the credentials of ul-
tra dense low-cost power storage and the capability
to perform logical operations [12]. The next genera-
tion magnetic memory devices would rely on the effi-
cient creation and control of magnetic textures, such
as magnetic skyrmions using rather tiny electric cur-
rents [35, 29, 7, 19]. The aforementioned topological
stability is related to the confined skyrmion magnetic
configuration, which is predicted to be stable because
the individual atomic spins, oriented opposite to those
of the surrounding thin-film cannot perform flipping
motion. Spins hindered to align themselves with the
rest of atoms in confined geometry without overcom-
ing an energy barrier. The origin of the energy bar-
rier is attributed to the “topological protection”. The
thermodynamic stability of skyrmions is considerably
strong and can be attributed to the particular mag-
netic configuration which can be characterized by a to-
tal topological charge described by skyrmion number S
[22, 23]. This skyrmion number S is an integer and to
this point is being considered having quantized values
that cannot be changed continuously. The skyrmion
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2 MICROMAGNETIC MODELING
number S is defined as
S = 14pi
∫
A
qSk dA (1)
where qSk is given by the following relation
qSk = m · (∂m
∂x
× ∂m
∂y
). (2)
The quantity m is the unit vector of the local mag-
netization defined as m = M/Ms with M being the
magnetization and Ms the saturation magnetization.
The skyrmion number S is a physical and topologi-
cal quantity that measures how many times m wraps
the unit sphere [47]. The integrated quantity describes
the topological density qSk and has units of nm−2,
which are implied throughout the manuscript. In many
instances the integrated quantity is also referred as
“topological charge”. SurfaceA is the surface domain of
integration and corresponds to the upper or the lower
triangular bounding surface of the FePt nanoelement
under investigation.
The magnetization reversal in 330 nm triangular
prism magnetic nanoelements with variable magne-
tocrystalline anisotropy (as that of partially chemically
ordered FePt) has been studied using Finite Elements
micromagnetic simulations in [38]. The simulation re-
sults showed that a wealth of reversal mechanisms is
possible sensitively depending on the uniaxial mag-
netocrystalline anisotropy values and directions; the
latter may explain the different Magnetic Force Mi-
croscopy patterns obtained in such magnetic systems.
In addition, the micromagnetic simulations revealed
that interesting vortex-like formations can be produced
and stabilized in large field ranges and in sizes that can
be tuned by the magnetocrystalline anisotropy (MCA)
of the material. The aforementioned spontaneous
ground states of skyrmion-like configurations were ob-
tained and in other magnetic systems without the im-
plication of chiral interactions such as Dzyaloshinsky-
Moriya (DMI) [45, 39, 6, 51, 36, 10, 49].
In the present work a quantitative description is
given for the vortex-skyrmionic configurations by cal-
culating the skyrmion number at 0◦K obtained for FePt
triangular magnetic nanoislands having variable mag-
netocrystalline anisotropy. The aforementioned calcu-
lation can reveal information not readily recognizable
by simple visual-inspection of the micromagnetic con-
figurations. Furthermore, the skyrmion number as a
function of the applied field along a hysteresis curve
can give quantitative information of the reversal mech-
anisms and energy barriers involved. In what follows
we present examples on the numerical calculation of
skyrmion number as means of characterizing magnetic
configurations and reversal in nanoelements including
thin film asymmetric triangular nanoislands.
2 Micromagnetic modeling
2.1 FEM solution of Landau-Lifshitz-
Gilbert (LLG) equation
The rate of change of the dynamical magnetization field
M is governed by a nonlinear equation of motion, the
Landau-Lifshitz-Gilbert (LLG) equation
dM
dt
= γ1 + α2 (M×Heff )−
αγ
(1 + α2)|M|M×(M×Heff ).
(3)
In the aforementioned LLG equation α > 0 is a phe-
nomenological dimensionless damping constant that
depends on the material and γ is the electron gyro-
magnetic ratio. The effective field that governs the dy-
namical behavior of the system has contributions from
various effects that are of very different nature and can
be expressed asHeff = Hext+Hexch+Hanis+Hdemag.
Respectively, these field contributions are the exter-
nal magnetic field Hext, the exchange field Hexch,
the anisotropy field Hanis and the demagnetizing field
Hdemag.
For the solution of the LLG equation We have per-
formed micromagnetic finite element calculations us-
ing the Nmag software [8]. The dimensionless damp-
ing constant α was set to 1 in order to achieve fast
damping and reach convergence quickly as we are in-
terested in static magnetization configurations. The
default convergence criterion for each applied exter-
nal field step Hext was that the magnetization should
move slower than 1 degree per nanosecond, globally
or on average for all spins. The sample was described
as a triangular prism with equilateral triangle base of
330 nm and 36 nm in height and is shown in Fig. 1.
The 36 nm thickness of the film matches that reported
in [25] while Okamoto in [31] suggests 24 nm, which is
comparable and not expected to lead to qualitatively
different behavior. The following frame of reference
axes assignment convention was used: x along the tri-
angle height, y along the side perpendicular to x, and
z perpendicular to the film plane. The considered fi-
nite element mesh for the triangular film under study
was generated using the automatic three dimensional
(3D) tetrahedral mesh generator Netgen [30]. We
have used a 3.4 nm maximum distance between nodes
which is lower than the value of the exchange length
lex =
√
2A
µ0M2s
≈ 3.5 nm. This resulted in 488874 vol-
Figure 1: Model geometry and the generated mesh.
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ume elements (94800 points) per triangular magnetic
island. The material parameters were chosen similar to
those typical for bulk FePt with a saturation polariza-
tion of µ0Ms = 1.43T (MS=1.138MA/m), and an ex-
change constant Aexch=11pJ/m which has been found
to be independent of the degree of ordering Okamoto
[31]. The magnetocrystalline anisotropy (MCA) con-
stant Ku was varied between Ku= 100kJ/m3 and
500kJ/m3, as for Ku exceeding this value the reversal
mode was simply homogeneous rotation. The demag-
netization factor N has been estimated to N = 0.71
by the saturation field perpendicular to the triangle
for the case of Ku = 0kJ/m3. We must note that
for the range of these MCA values the easy axis re-
mains in-plane as the shape anisotropy contribution
− 12Nµ0M2s = −580kJ/m3 exceeds Ku for all the
cases presented here. Four different directions of the
magneto-crystalline anisotropy were tested along x, y, z
as well as along the [111] direction. The latter is of in-
terest as in many instances FePt and CoPt films tend
to grow with their < 111 > crystallographic directions
along the film normal resulting an angle of 54.7◦ to the
film normal [1].
The total duration of the micromagnetic simulation
was ranging for 1 to 10 days on Intel i7 4770K de-
pending on the relative orientation of the applied mag-
netic field with respect to magnetic anisotropy. The
magnetization curves for every production run were
investigated by applying external magnetic fields Hext
with fixed orientation running parallel to z-direction
(the normal to the triangular base). The range values
of Hext were +1000kA/m (maximum) and -1000kA/m
(minimum) introducing an external magnetic field step
δHext=4kA/m [38].
2.2 Skyrmion number computation
The calculation of skyrmion number S necessitates the
knowledge of the computed normalized magnetization
vector m obtained from the solution of LLG equa-
tions. Once the finite element approximation of the
normalized magnetization mh has been computed, the
skyrmion number Sh, following (1), is approximated
by
Sh =
1
4pi
Ne∑
e=1
meh ·
(
∂meh
∂x
× ∂m
e
h
∂y
)
|Ae|. (4)
where mh, Sh are the discrete representations of m,S
respectively with e denoting the element and Ne the
total number of elements used for the surface domain
discretization. It should be noted that throughout the
manuscript the symbol S instead of Sh will be used
for the computed value of the skyrmion number. The
integration takes place over the top or bottom surface
boundary of the prism A. Since we are using tetra-
hedral P1 elements for the discretization of the prism
volume, the top (or bottom) surface boundary is com-
prised of triangles with outwards pointing normal par-
allel to the zˆ unit vector. Magnetizations are extracted
for the top or bottom surface of the magnetic triangu-
lar prismatic nanoelement. These particular magneti-
zations located on the surface elements of the two bases
are used for the actual computations of S and of the
relative topological quantities. It is possible for a mag-
netic configuration to include more than one skyrmion.
Inevitably, the total skyrmion number would be the al-
gebraic sum of its individual skyrmionic configurations.
It follows that a structure that locally includes several
skyrmions of different polarity or chirality may yield a
zero total skyrmion number. The physical significance
of this situation may be attributed to the fact that
structures with opposing S may be easier to mutually
annihilate. Therefore, it is of interest to monitor fol-
lowing [9] the integral of the absolute value of the topo-
logical density symbolized with Sabs as it describes the
existence of topological entities that are masked and
washed out when S is calculated through the integral
over all surface domain A. The quantity Sabs is defined
by the relation
Sabs =
1
4pi
∫
A
∣∣∣∣m · (∂m∂x × ∂m∂y
)∣∣∣∣ dA (5)
The scalar quantity Sabs is injective and provides the
necessary distinctness for different skyrmionic states
[9]. The stabilization of such magnetic skyrmions
is usually linked to the existence of some kind of
anisotropic Dzyaloshinskii-Moriya interaction (DMI).
Its discrete estimation follows similarly to (4). It is
interesting the calculation of skyrmion numbers for
micromagnetic configurations in nanoelements since it
can reveal information not readily recognizable by sim-
ple visual inspection of the micromagnetic configura-
tions. Furthermore, the skyrmion number S as a func-
tion of the applied field Hext along an hysteresis curve
can provide quantitative information of the reversal
mechanisms and energy barriers involved in the pro-
cess.
3 Results
3.1 In-plane MCA
In the first system studied the magnetocrystalline
anisotropy (MCA) lies within the plane of the trian-
gular nanoelement parallel to x-direction (K//[100])
with the external field Hext applied along the width
of the nanoelement which is parallel to z-direction
(Hext//[001]). The Hext direction is being fixed par-
allel to z-direction throughout this work for all sys-
tems studied. We have calculated the half-hysteresis
loop (descending branch of the loop) for the triangu-
lar prismatic nanoelements for different MCA values.
The Ku= 100kJ/m3 is presented in Fig. 2 along with
qSk. Some micromagnetic configurations being formed
along the path of the reversal are shown in Fig. 3. We
present results only for a declining external field Hext
since the full hysteresis diagram does not contribute
any additional information regarding the magnetiza-
tion reversal process [38]. Presenting the full hysteresis
diagram would inevitably doubled the required compu-
tational effort.
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Magnetization reversal depicted in Fig. 2 starts
when the normalized magnetization decreases from the
the saturation value M/Ms = 1, and passing through
the nucleation field it reaches to M/Ms = 0. Then
after passing the annihilation field, it attains finally
the value M/Ms = −1 indicative that all spins have
reversed their magnetization vector orientation. Dur-
ing this reversal process the values of S and Sabs are
computed in order to provide a quantitative descrip-
tion of the skyrmion-like localized configurations in
conjunction with the qualitative actual visualization
of the normalized magnetization vector m of the in-
dividual spins. Values of S have been calculated for
the top and bottom surface of the triangular prismatic
nanoelement for various Ku values shown in Fig. 4
for all magnetic systems in the present investigation.
The values of S have the same quantitative and qual-
itative behavior on top and bottom surface of the na-
noelement ensuring the consistency of the numerical
calculations. Throughout the manuscript the reported
values of skyrmion numbers S, Sabs refer to the com-
puted values on the top surface of the nanoelement.
For the MCA value Ku= 100kJ/m3 represented in
Fig. 2 the process of the reversal of spins gives birth
to vortex like formations. The value of S emerges
from zero and gradually increases; attaining value 0.5,
characteristic of magnetic vortex for external mag-
netic field Hext= 4.0× 103A/m, it reaches the max-
imum value of S ≈ 0.75 that can be considered
as an incomplete skyrmion for field value close to
Hext= −2.1× 105A/m. Note that similar non-integer
values of skyrmion number have been reported in con-
fined helimagnetic nanostructures [9] and in thin con-
fined polygonal nanostructures [32]. It is anticipated
that in the present finite magnetic system the skyrmion
number can be non-integer due to the restricted area
of integration A in Eq. 1 and Eq. 5 and the essen-
tial contribution of magnetostatic energy. The value of
S = 0.5 describes a vortex like micromagnetic configu-
ration.
Around the external field value of
Hext= 9.2× 105A/m a small step can be detected
in the variation of M/Ms reflected also in S and
Figure 2: Normalized magnetization (M/Ms) and
skyrmion numbers S, Sabs during the magnetization re-
versal process for in plane MCA (along x-direction)
with Ku= 100kJ/m3 and Hext//[001].
Figure 3: Top view of qSk at Ku= 100kJ/m3 for MCA
being parallel to x-direction and Hext//[001]. From
left to right and from top to bottom different values
of Hext = 384, 256,−200,−296 (×103A/m) are repre-
sented referring to points of A, B, C, D of Fig. 2.
Local magnetization vectors are shown with arrows
superimposed with qSk. The actual value ranges of
qSk/nm
−2 are represented in color bars with maxi-
mum and minimum values respectively: left top (A
max : 0.00394 − min : −0.00174) , right top (B
max : 0.00693 − min : −0.00203 ), left down (C
max : 0.0272 − min : −0.00037), right down (D
max : 0.00185 − min : −0.00057).
Figure 4: S as a function of Ku for MCA parallel to
[100], [001] and [111] directions with Hext//[001]. S is
being calculated on the top and bottom surface of the
triangular prismatic nanoelement for Hext = 0A/m.
magnified in the injective property Sabs indicating
the origin of magnetization reversal through vortex
or skyrmion type mechanisms. In addition, around
Hext = 2.6× 105A/m a jump discontinuity is evident
both for S, Sabs not captured by the magnetization
curve M/Ms. A second jump discontinuity on S
is evident around Hext= −2.7× 105A/m causing
the change of S value approximately from 0.7 to -
0.4 (relative variation 157%). The aforementioned
variation is followed by a change of the sign of S
characteristic for a change in the polarity of the vortex
type micromagnetic configuration. Further decrease
4
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Figure 5: S as a function of Hext for Ku =
150− 350kJ/m3 with MCA parallel to x-direction and
Hext//[001].
of the external magnetic field causes the continuous
decay of S and its annihilation following the final
stage of the reversal process. The magnification of
jump discontinuities in Sabs is anticipated since it is
injective and provides the necessary distinctness for
different skyrmionic and consequently energy states.
Therefore, it is being used in order to detect and
explore possible energy barriers during the reversal
process. Additionally, in Fig. 2 differentiation of
shapes describing S, Sabs reveals that there are local
topological density qSk regions-domains which sum up
to zero and therefore mutually annihilate.
Visualizations of micromagnetic configurations are
shown in Fig. 3 for the representative selected external
field values depicted in Fig. 2 and designated as A, B,
C, D. The actual topological density qSk defined in Eq.
2 represents the "local" skyrmion number of the surface
element and is also visualized in Fig. 3. This enriched
representation gives both qualitative and quantitative
description of the actual magnetization configuration.
The existence of domains with augmented local topo-
logical density is observed close to upper and lower
corners of the nanoelement along y-direction for A, B
and D points. In addition, an elliptical domain can be
observed along the x-axis which is also the direction
of the in plane MCA Ku= 100kJ/m3, at the center of
the triangular base present in all characteristic points
A, B, C, D. These three magnetic entities can be con-
sidered as incomplete skyrmions and are present for a
wide range of external field values. In Fig. 3 (point
A) the aforementioned magnetic entities expose differ-
ent magnetization circulations. Those in the corners
have a counter clockwise circulation while the domain
with augmented qSk at the center of the triangle has a
clockwise circulation.
In Fig. 5, skyrmion number S as a function of
the external field Hext for different values of Ku is
shown. As the magnitude of MCA increases grad-
ually starting from Ku= 100kJ/m3 a similar behav-
ior with Fig. 2 is observed regarding the qualita-
tive and quantitative characteristics of S. In the cases
of Ku= 150, 250, 350kJ/m3 the skyrmion number at-
tains lower values as Ku increases exhibiting jump dis-
continuities. The calculated maximum (or negative
minimum) values denoted as Smax for the aforemen-
Figure 6: Smax as a function Ku for MCA being in
plane (//x), perpendicular (//z) and parallel to [111]
direction with respect to the surface base of the na-
noelement with the external field Hext//[001].
tioned cases do not exceed the value Smax = 0.7 for
Ku= 100kJ/m3 represented in Fig. 5. For Ku=200
and 300kJ/m3 S attains maximum values 0.55–0.50 re-
spectively but at different external magnetic field val-
ues Hext. It is evident that the magnetization rever-
sal mechanism necessitates the formation of incom-
plete skyrmions (0.5 < S < 1), vortex-like states
(S = 0.5) not only for low Ku=100 and 150kJ/m3 val-
ues but also for the considered as intermediate values
of Ku= 250, 350kJ/m3 (Fig. 6). Further increase of
MCA’s values to Ku= 400, 450, 500kJ/m3 expose sim-
ilar reversal characteristics with Smax establishing a
plateau region at 0.5 shown in Fig. 6 characteristic
for vortex like reversal process.
The discontinuities detected in case of
Ku= 100kJ/m3 are present not only for different
values of Ku but for different orientation of the MCA
with respect to the surface of the nanoelement e.g.
parallel to z-direction. They need further clarification
and can be associated to the rich energetic envi-
ronment having contributions from demagnetization
Edemag, exchange Eexchange and anisotropic Eanis
energies which can be computed for the systems
studied in the present work. Complicated and rich
energetic landscapes on the surface of the nanoelement
are anticipated. The skyrmion formation is related to
the interplay of these energetic contributions.
In order to measure the effect of each individual en-
ergy type on the micromagnetic configuration during
the magnetization reversal process the absolute rela-
tive energy difference ∆Ereltype = |
Ei+1type−Eitype
Eitype
| × 100(%)
(where type stands for anis, exch, demag) is computed
between the consecutive external magnetic field values
Hiext, H
i+1
ext . As mentioned in Section 2 the external
magnetic field step between consecutive field values is
δHext= 4kA/m. The values of the relative differences
of anisotropy, demagnitization and exchange energies
are shown in Fig. 7 as functions of Hext for MCA
values of Ku= 100, 150kJ/m3 superimposed with Sabs.
It is clear that even in the first steps of the magne-
tization reversal around values 8.5− 9.5× 105A/m of
the external field for Ku= 100kJ/m3 small steps of the
skyrmion number are induced by jump discontinuities
on the relative energies and vice versa. These jump
5
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Figure 7: Relative values in % percentages for energeti-
cal types of demagnitization, exchange and anisotropic
for Ku = 100 for MCA parallel to [100].
discontinuities represent the actual energy barriers are
pronounced for all types of energies at the beginning of
the reversal process with Eanis being the more promi-
nent compared to Edemag, Eexch. The magnetic system
and its associated energy should overcome a significant
energy barrier in order to start the reversal process in
the confined triangular prismatic nanomagnet. In par-
ticular, ∆Erelanis attains values close to 42%. Further
reduction of the external magnetic field shows contin-
uous behavior up to the value of Hext= 2.5× 105A/m
for Sabs. The decrease of the external field Hext drives
the continuous and gradual formation of an incom-
plete skyrmion (S < 1). This continuous behaviour
is dictated from the continuous behaviour of the to-
tal magnetization energy and its energetic components
Eanis, Edemag, Eexch. A new energy barrier is observed
for Sabs around Hext< 2.5× 105A/m for the exchange
energy Eexch not followed by the other calculated en-
ergies. The value ∆Erelexch of this discontinuity is close
to 10%. It is clear that this sharp change at Eexch in-
duces the incomplete skyrmion discontinuity not only
for Hext< 2.5× 105A/m but also for the symmetric
with respect Hext= 0A/m second maximum around
Hext= −2.5× 105A/m.
In particular, for external fields in the vicinity of
Hext= 0 A/m a steep descent is evident for ∆Edemag.
Energy component ∆Eanis shows a smoother behavior
between the first and last discontinuities having a de-
clining behavior in the first half of the magnetization
reversal process where the external field approaches
zero value. A continuous increase of the relative change
∆Eanis is profound in the second half and final stage of
the reversal process. Relative energy difference ∆Eexch
exhibits an interesting non-continuous behavior hav-
ing a significant number of sharp discontinuities in
the range of Hext= (−2.5 to + 2.5)× 105A/m exter-
nal field values. Calculation of energies and relative
energies differences for varied Ku showed similar qual-
itative and quantitative characteristics with the case of
Ku= 100kJ/m3. Vortex like or incomplete skyrmion
states are triggered by abrupt energy changes and en-
ergy barrier crossings.
Further calculations have performed by changing the
direction of MCA from x to y direction. This direc-
tional change of MCA gives similar physical results re-
garding the formation of vortices despite the fact that
MCA’s direction remains in plane. This situation with
MCA along y-direction differs from MCA lying along
x-direction only with respect to the subtle effects of the
edge curling on the nucleation process.
3.2 Perpendicular MCA
It is challenging to investigate the effects associated
with MCA when is set to z-direction which is the direc-
tion normal to the basis surface of the triangular FePt
nanoelement. As the vortex-like formations in this sys-
tem arise from the competition of exchange and mag-
netostatic energies it is expected that these phenomena
will be more pronounced when there is a perpendicu-
lar MCA which leads to strong demagnetizing fields.
The numerical calculations showed that the depen-
dence of S for the lowest MCA value Ku= 100kJ/m3
is quite similar to the case of in-plane MCA direc-
tions exhibiting the same magnetization reversal pro-
cess. The magnetic system case with Ku= 150kJ/m3
is presented in Fig. 8. Since the Ku value is not
high enough to give perpendicular anisotropy as the
Hext is reduced the system departs from saturation
through a series of topologically non-trivial forma-
tions giving a gradual increase of the skyrmion num-
ber which attains the maximum value S ' 0.9 in
a plateau region between Hext= −2.5× 105A/m and
Hext= −5× 105A/m is evident. The aforementioned
gradual increase of the skyrmion number S for MCA
parallel to z-direction for all Ku values studied starts
at lower external field values compared to systems hav-
ing in plane MCA direction. This external field val-
ues retardation can be attributed to the higher energy
barrier needed to overcome in order to start the re-
versal process through skyrmion formation. The criti-
cal field signaling skyrmion formation for the different
Ku= 150, 250, 350kJ/m3 values for MCA parallel to z-
direction is located around Hext= 3.5× 105A/m (Fig.
8) and is considerably lower compared to the external
field value of Hext= 7.5× 105A/m for in-plane MCA
(Fig. 2).
The behavior is strikingly different when MCA at-
tains the values ofKu= 250, 350kJ/m3 depicted also in
Fig. 8. For the case whereKu= 350kJ/m3 skyrmionic
configurations having negative values emerge for exter-
nal field values lower than 5.0 × 105A/m. The micro-
magnetic configuration in Fig. 8 hosts one skyrmion
located at the center of the nanoparticle. A counter-
clockwise circulation (positive circulation) can be iden-
tified on the top view of the nanoparticle. The central
spins of the skyrmion point inwards (negative polarity)
as clearly presented at the bottom view of the spin con-
figuration. Consequently, chirality which is the prod-
uct of circulation and polarity is negative dictating in
this manner the negativity of the skyrmion number.
For the particular case of Ku= 250kJ/m3 regions
hosting skyrmions are evident having skyrmion num-
ber values close to S = 3 in a range of applied external
fields from Hext= −0.3× 105A/m to −5.3× 105A/m.
In Fig. 9 micromagnetic configurations with topolog-
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Figure 8: S as a function of Hext for
Ku= 150, 250, 350kJ/m3 with MCA running par-
allel to z-direction alongside with the micromagnetic
configuration in top and bottom view (rotated with
respect to top view by 60 degrees) for Ku= 350kJ/m3
when skyrmion number attains negative values
(S = −1) at representative point P.
Figure 9: Top view of micromagnetic configuration
showing topological density qSk superimposed with the
local magnetization for Ku= 250kJ/m3. Different di-
agrams depict the four points A, B, C, D of Fig. 8
(from left to right and from top to bottom) describ-
ing the reversal process. The actual value ranges of
qSk/nm
−2 are represented in color bars with maxi-
mum and minimum values respectively: left top (A
max : 3.419 × 10−5 − min : −1.117 × 10−6) , right
top (B max : 0.00063 − min : −0.00012 ), left down
(C max : 0.00346 − min : −0.00020), right down (D
max : 0.00063 − min : −0.00012).
ical density qSk superimposed with the local magneti-
zation vector are presented. Different diagrams depict
four representative points A, B, C, D in four character-
istic regions during the reversal process of the S vari-
ation with the external field Hext. In Fig. 9 (point
A in Fig. 8 for Ku= 250kJ/m3) skyrmion is under
development. Regions of augmented qSk are evident
exactly at the triangle’s corners. Lower values of qSk
can be seen at the center of the triangular base of the
nanoelement. Point B is located at a skyrmion num-
ber S discontinuity with actual value close to S = 1.
The respective isosurfaces of qSk for point B reveal the
existence of one skyrmion located at the center of the
triangular prismatic nanoelement.
Points C, D represent micromagnetic configura-
tions hosting three skyrmions. The centers of the
skyrmions define an equilateral triangle in both mi-
cromagnetic configurations. The essential difference of
the skyrmions present in C and D points is their ac-
tual size. Skyrmions of point C are larger compared to
the respective three skyrmions in D although they have
the same circular shapes and location. This can be at-
tributed to the fact that while the sizes in skyrmions of
C (Fig. 9 (C) ) are larger than those of D (Fig. 9 (D)
) the topological densities qSk are higher in D in order
to compensate the lower skyrmion surface contributing
to the total triangular surface base integration giving in
both cases C and D a total skyrmion number equal to 3.
Representative values of the maximum qSk on the sur-
face element are qSk,C = 0.003462 < qSk,D = 0.02181.
In Fig. 6 the maximum values of S denoted as
Smax are reported for MCA parallel to z-direction.
Moreover, representative configurations depicted for
external field values corresponding to Smax showing
qSk superimposed with magnetization are presented
in Fig. 10. For the case where Ku= 200kJ/m3 at
the center of the triangular base a clear and com-
plete skyrmion emerges. It has an almost perfect cir-
cular shape with the higher values of qSk located at
the center mitigating when moving away but along
the circle’s radius. The magnetization vectors have
a counter-clockwise circulation around the skyrmion.
In case where Ku= 250kJ/m3 and Smax ≈ 3.25 ex-
tended regions located at the triangle’s vertices run-
ning along the edges of the triangular base are ev-
ident. This magnetic configuration significantly dif-
fers from the configuration having three well developed
skyrmions defining segregated and distinct regions pre-
sented in Fig. 9 (point C). These multiple skyrmions
or clusters of skyrmions on the surface of the trian-
gular disk are evident and the actual calculation of S
gives values during the reversal process in the range of
1 ≤ S < 4 for all MCA values studied having perpen-
dicular anisotropy. The maximum value Smax = 3 for
the case of Ku= 300kJ/m3 is also depicted in Fig. 10
exposing three skyrmions located in extended circular
regions.
The increase of the MCA value fromKu= 150kJ/m3
to 500kJ/m3 plays a dramatic effect in the magneti-
zation reversal process and the creation of skyrmion
regions. Particularly, in the cases where Ku attains
values beyond 300kJ/m3 reaching 500kJ/m3 the max-
imum of skyrmion number S establishes a plateau at
S = 2 indicative of the formation of two skyrmions
on the surface of the nanoelement. The case of
Ku= 350kJ/m3 where Smax = 2 is representative and
is shown in Fig. 10. The two skyrmions are exactly
located along the height of the triangle (parallel to x-
direction) having different shapes resembling different
perturbations of the circular shape. The formation and
actual detection of skyrmions can be revealed by visu-
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Figure 10: Top view of micromagnetic configurations
referring to Smax for Ku= 200, 250, 300, 350kJ/m3
(from left to right and from top to bottom) for MCA
being parallel to z-direction. Magnetization shown
with arrows superimposed with qSk. The actual value
ranges of qSk/nm−2 are represented in color bars with
maximum and minimum values respectively: left top
(Ku= 200kJ/m3, max : 0.00342 − min : −0.00643)
, right top (Ku= 250kJ/m3, max : 0.00175 −
min : −0.00043 ), left down (Ku= 300kJ/m3,
max : 0.00135 − min : −0.00020), right down
(Ku= 350kJ/m3, max : 0.00322 − min : −9.61 ×
10−5).
alizing the actual reversal process. A quantitative and
coherent picture can be provided by the calculation of
S.
Computations of relative energy differences ac-
companied by Sabs are depicted in Fig. 11 for
Ku= 250kJ/m3 which is the case showed the forma-
tion of three skyrmions. As it is already commented
the first steps of the magnetization reversal for MCA
normal to nanoelement’s surface start at external field
values Hext significantly lower (< 5 × 105A/m) com-
pared to the case of in-plane MCA. Following Sabs and
relative energies variation with respect to external field,
energy barriers are present around Hext= 5× 105A/m
for all the components of energy. Particularly in Fig.
11 for Ku= 250kJ/m3, ∆Erelexch is close 90% and is
the most prominent jump discontinuity compared to
∆Erelanis, ∆Ereldemag whose jumps are around 10%. It
should also noted that Erelanis exhibits a 90% jump,
which is twice as much as the one observed in the case
of in plane anisotropy at Ku= 100kJ/m3 which was
calculated to 42%. The reduction of the external mag-
netic field affects in a continuous manner the different
magnetic energies up to the value of Hext = 0 A/m.
In the vicinity of the zero for negative external fields
new jump discontinuities are evident for all energies.
The decrease of external field Hext drives the contin-
uous and gradual formation followed by energetic and
therefore skyrmionic discontinuity events. Complete
and incomplete skyrmions are present having values
1 < S < 4. Rich energy patterns and textures are clear
having similar behaviour not only for Ku= 250kJ/m3
but for all Ku values studied when MCA is normal to
the nanoelements’ base.
Fig. 12 represents the relative energies for
characteristic points selected from Fig. 11 at
Ku= 250kJ/m3. Energies Eanis, Eexch, Edemag are
grouped and shown in five different points. The
grouped energies {Ai, Di, Ei} associated with point i
(i = 1, .., 5) are depicted at the same or approximately
the same Hext,i value. At point A1 before crossing
the energy barrier, Eanis develops an inner triangu-
lar region with values lower compared to the maxi-
mum values located at the sides of the nanoelement’s
base. At A2 point where the barrier is being crossed
and skyrmion has been formed the energy distribution
follows the skyrmion’s location with increasing values
of Eanis radially moving from the center towards the
outer circular domain of skyrmion. Energy isosurfaces
for point A3 expose three new developed regions in the
vicinity of the nanoelement’s base vertices. Point A4
represents a local energy mimimum of Eanis in which
around the skyrmion domain at the center well devel-
oped stripe-like energy domains running parallel to na-
noelement’s edges are evident. Point A5 is the location
where the highest energy barrier is detected. From the
contour plot is evident that the energy follows exactly
the location of the multiple skyrmions formed. Calcu-
lation of Edemag provides the same qualitative behav-
ior with the subtle difference on point D1 at almost
identical Hext value with A1 where Edemag has a uni-
form distribution on the nanoelement’s base. The cal-
culated exchange energy Eexch distribution follows the
formation process of skyrmions. At point E1 high en-
ergy regions are located at the vertices of the nanoele-
ment in contrast to Eanis. The competition between
these energies and energy barrier crossings gives birth
to skyrmion magnetic configurations.
3.3 MCA parallel to [111]
In addition to MCA lying on the surface or being nor-
mal to the surface of the nanoelement the magneto-
crystalline anisotropy is set parallel to [111] direc-
tion.The latter case is of interest as in many instances
Figure 11: Values in % percentages for relative en-
ergy differences of demagnitization, exchange and
anisotropic for Ku= 250kJ/m3 for MCA parallel to
[001].
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Figure 12: Demagnitization, exchange, and anisotropic energies for Ku= 250kJ/m3 for selected points during
the reversal process chosen from Fig. 11.
FePt and CoPt films tend to grow with their [111] crys-
tallographic directions resulting an angle of 54.7o to the
film normal [1]. The numerical simulation results are
presented for S in Fig. 4 as a function of Ku fixing ex-
ternal field value at Hext=0A/m. At Ku= 100kJ/m3
skyrmion number is close to value S = 0.7. By in-
creasing MCA up to Ku= 250kJ/m3 skyrmion num-
ber reduces attaining negative but non-zero values for
external field Hext=0A/m. This is an interesting fact
and significantly differentiates compared to the cases
where MCA is parallel to x and z (in the majority of
Ku values studied) directions where positive skyrmion
numbers are obtained. The negative values originate
from the negative chirality (circulation × polarity) of
the high skyrmion density qSk region that can be seen
in Fig. 13.
The maximum skyrmion number value Smax as a
function of external field for different MCA values is
represented in Fig. 6. Topological quantity Smax at-
tains negative values in contrast to the cases where
MCA is in-plane or perpendicular to the nanoele-
ment’s base. For Smax < 0 the respective MCA
value range is Ku= 150− 350kJ/m3. Calculation of
the skyrmion number at different external field val-
ues for the representativeKu= 150, 250, 350kJ/m3 val-
ues are shown in Fig. 13. Evident is the mani-
festation of micromagnetic configurations mainly hav-
ing negative skyrmion numbers for external fields
ranging from Hext= 5× 105A/m to approximately
Hext= −2× 105A/m. The minimum value of S is ob-
served for the case of Ku= 150kJ/m3 and is close to
S = −0.4. For the three different Ku values shown
9
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Figure 13: S as a function of Hext for
Ku= 150, 250, 350kJ/m3 with MCA running parallel
to [111] direction alongside with the micromagnetic
configuration in top and bottom view (rotated with
respect to top view by 60 degrees) for representative
point P with S < 0 at Ku= 350kJ/m3.
in Fig. 13 the crossover to negative S happens at
Hext= 5× 105A/m. Also the maximum antivortex
states are located at the vicinity of zero external mag-
netic field which significantly differentiate compared to
the previous studied cases.
Conclusions
The topological invariant known as skyrmion num-
ber S has been calculated for FePt triangular prism
nanonelements with different directions and magnitude
of MCA for varying magnitude of the external mag-
netic field Hext. The direction of the external field
Hext was normal to nanoelement’s surface in all con-
ducted numerical simulations. Magnetization config-
urations during reversal process were studied. It was
possible to explore the formation of skyrmionic regions
and qualitatively-quantitatively characterize them by
a variety of calculated properties such as the skyrmion
number, the different contributions on the magnetic
energy such as demagnetization energy, exchange en-
ergy and uniaxial anisotropy energy and visualization
of the micromagnetic configurations. Skyrmionic mag-
netic configurations have been detected in high symme-
try positions with respect to the geometry of the tri-
angular prism having skyrmion number greater than
one ( S > 1 ) for the case where MCA was normal
to nanoelement’s base. For MCA attaining values be-
tween Ku= 200− 500kJ/m3 three distinct skyrmions
are formed and persist for a range of external fields.
In conjunction with previous studies it is clear that
magnetic skyrmions can be produced in a wide range of
external fields just by tuning MCA’s magnitude and di-
rection, even in the absence of chiral interactions such
as Dzyaloshinsky-Moriya. It is challenging to extent
the numerical simulations including thermal effects in
the form of Brownian term in LLG equation in order
to investigate the formation of skyrmions at room tem-
perature.
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